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Electrochemical detection of oxacillin resistance with SimpleStat: 
a low cost integrated potentiostat and sensor platform 
Adrian Butterworth,a Damion K Corrigan a and Andrew C Ward*a 
Testing outside the laboratoty environment, such as point of care testing, is a rapidly evolving area with advances in the 
integration of sample handling, measurement and sensing elements widely reported.    Low cost, simple to use systems are 
important in this context because they provide a route to devices that can be used outside the laboratory and could be 
implemented in low resource settings where advanced diagnostic testing is often unavailable.  Here, we present an open 
source highly simplified electrochemical platform, called SimpleStat, that has been programmed to perform differential 
pulse voltammerty and can be used to detect the presence of OXA-1 DNA sequences for oxacillin resistance.  This DNA sensor 
can be used to specifically detect the presence of the OXA-1 gene, contrasted to the tetA gene which encodes for tetracycline 
resistance.  These measurements were performed with both polycrystalline gold electrodes as a benchmark and electrode 
integrated into the SimpleStat printed circuit. 
Introduction 
 
Sensor systems are playing an increasingly important role in a 
wide range of scenarios, including industrial, environmental and 
healthcare detection challenges1–6.  In particular Antimicrobial 
resistance (AMR) is one of the greatest threats to modern 
medical practice and there is a strong imperative to reduce and 
better control the use of antimicrobial drugs, known as 
antimicrobial stewardship, to slow the increase in prevalence of 
AMR pathogens7,8.  Diagnostic testing plays an important role in 
this, offering the ability to rule in/rule out the use of 
antimicrobial drugs, thus supporting antimicrobial stewardship 
and increasing the length of time existing drugs are useful9.  
Current challenges to the widespread uptake of diagnostic tests 
include significant barriers to market (such as high development 
costs and regulatory frameworks), a sensor and platform device 
that can be used across a large range of operational scenarios 
(including, medical, agricultural and environmental) and is 
usable by non-experts without the need for advanced 
laboratory infrastructure10,11. Electrochemical sensors and 
instrumentation could address these challenges and help to 
enable a paradigm shift in the way that pathogenic organisms 
are identified. 
 
A number of low cost, open source potentiostats have been 
developed in recent years.  The CheapStat was proposed as a 
low cost platform and educational potentiostat and was 
demonstrated with the detection of electroactive substances 
including ascorbic acid in orange juice and N-acetyl-para-
aminophenol12.   The accuracy of open source potentiostats was 
greatly improved by the creation of the DStat, which provides a 
high end measurement platform comparable to a commercial 
instrument, combined with an easy to use interface13.  Several 
others have taken inspiration from these studies, including the 
development of an instrument based upon a programmable 
circuit on a chip14 and a wireless electrochemical platform for 
use with a smartphone15.  Two separate studies also explore the 
use of the Texas Instruments LMP91000 potentiostat chip, 
which could be used to reduce circuit complexity16,17.  
Instruments have also been produced with simplified circuits, 
such as the SIMS integrated electronic system, incorporating 
organic and silicon electronics for simplified electrochemical 
measurements18.  The common theme across all these 
instruments is that they focus upon accurate, low cost 
electrochemical measurement for a wide range of 
electrochemical needs.  A detection device based upon 
technologies such as these could help to reduce some of the 
barriers described above. 
 
OXA type β-lactamases are widespread in Gram negative 
bacteria, and can provide resistance to β-lactam based 
antibiotics through cleavage of the active β-lactam motif. OXA-1 
β-lactamases are resistant to the action of β-lactamase 
inhibiting antimicrobial drugs.  Although OXA-1 exhibits a 
narrow spectrum of activity, it is frequently associated with the 
presence of other extended-spectrum β-lactamases (ESBLs), 
such as those against third and fourth generation 
cephalosporins, as well as genes conferring resistance to 
aminoglycosides and fluoroquinolones which further reduces 
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treatment options19,20. Furthermore, the effectiveness of 
β-lactamase inhibitor combination treatments is reduced when 
both OXA-1 and another ESBL is present in a pathogen, 
compared with an ESBL alone. The OXA-1 gene is among the 
most common OXA β-lactamase21, and its prevalence in the 
population can make effective treatment of infections carrying 
this gene difficult when combined with other resistance factors.   
A number of electrochemical measurements have been 
developed to detect clinically relevant DNA sequences and 
there are examples of antibiotic resistant DNA sequence 
detection using lab based systems 22–24. 
 
In this paper, we explore the use of a highly simplified 
potentiostat circuit that can be produced at very low cost with 
the minimum number of components possible.  This reduces 
the cost of the platform and marks a step towards extremely 
low cost sensor platforms for electrochemical monitoring and 
detection.  Furthermore, we demonstrate that the platform can 
be used to perform Differential Pulse Voltammetry (DPV) 
measurements and detect the binding of PCR products from the 
OXA-1 gene on the electrode surface.  We achieve this on both 
polycrystalline gold electrodes and on gold plated PCB 
electrodes integrated onto the board. 
Experimental 
Circuit Design and Layout 
A simplified circuit was designed based upon the minimum 
number of components possible (Figure 1).  The ATTiny412 
microcontroller (Microchip Technology Inc.) was used to control 
the circuit and perform analog to digital conversion (ADC) of the 
results.  This microcontroller was selected due to its low cost 
(<$1), 8-bit Digital to Analog Converter (DAC), 10-bit ADC, easy 
to solder package and low pin count (8 pins).  It also contains an 
on-board oscillator, which removes the need for an external 
crystal further simplifying the device.  A bank of gain resistors 
was included in the circuit design in order to provide flexibility 
over the current ranges that can be recorded in a measurement.  
These are manually switched using a DIP switch, to keep device 
complexity low.  A low cost LED is included in the device, so that 
for very simple measurements, the difference between a 
positive and negative sample can be easily determined without 
any external devices.  The instrument can also be interfaced to 
a computer for data logging, via the UART peripheral so that a 
greater amount of information can be captured.  A UART-USB 
bridge is required to achieve this functionality (e.g. the FT234XD 
chip from FTDI Ltd). 
 
The analog front end uses two TLC2262 operational amplifiers 
because of their low input bias current12.  In order to keep the 
design as simple as possible, the potentiostat and 
transimpedance amplifier operational amplifiers are biased at 
1.25 V vs GND using a network of resistors.  This provides the 
ability to hold the electrochemical cell at a potential 
between -0.6 V and 0.6 V.  To maximise the accuracy of the 
complete instrument, two trim potentiometers are included in 
the design so that the 1.25 V zero point can be calibrated prior 
to the start of a measurement. 
 
The printed circuit was designed in the open source software 
package KiCAD, which was also used to design two simplified 
electrode patterns, integrated onto the board and used for 
detection of the OXA-1 gene.  Gold coated Printed Circuit 
Boards (PCBs) are readily available from a wide range of 
manufacturers and were used in this design in order to yield a 
gold electrode surface for sensing and detection.  The 
microcontroller firmware was produced in Atmel Studio, using 
Atmel Start to achieve the basic chip configuration.  (See 
supplementary material for copies of the design files, firmware 
and device Bill of Material).   
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Plasmid, primer design and PCR 
Two electrode systems were explored in this study: 
Polycrystalline gold electrodes (PGEs) with a diameter of 2mm 
(IJ Cambria) and the integrated on board electrodes (2 and 0.5 
mm discs).  All solutions were prepared with deionised water 
(diH2O, Scientific Laboratory Supplies). Polymerase Chain 
Reaction (PCR) was performed using a Hst+ DNA polymerase 
and associated reagents which were obtained from Qiagen. 3-
Mercapto-1-propanol (MCP) was obtained from Sigma Aldrich. 
All other chemicals were purchased from Acros Organics. 
 
PCR, performed according to the instructions provided with the 
reagents, was used to amplify an initial 344 ng of template for 
30 cycles (Figure 2A and 2B). The template consisted of a 
custom plasmid extracted from transformed E. coli DH10β cells. 
This plasmid harbours inactive segments of several plasmid-
borne antibiotic resistance genes, including the OXA-1 β-
lactamase gene (Figure 2C). Forward 
(AACAGAAGCATGGCTCGAAA) and reverse 
(TGGTGTTTTCTATGGCTGAGTT) primers were used to amplify a 
116 base-pair section of this template, for OXA-1, which is 
complementary to the DNA probe sequence immobilised onto 
the gold surface ([ThiolC6]AACAGAAGCATGGCTCGAAA).  
 
Electrode Functionalisation & Assay Conditions 
The polycrystalline gold electrodes used for benchmarking were 
cleaned by immersing in Piranha solution for 10 mins, followed 
by polishing with alumina slurry and sonication in deionised 
water for 10 mins. The polished electrodes were then cleaned 
by cyclic voltammetry in 0.1 M H2SO4 between 0 V and 1.7 V (vs. 
Ag-AgCl) for 20 cycles. Electrodes were functionalised by 
immersing in 20 µL immobilisation buffer consisting of 0.8 M 
PBS + 5 mM MgCl2 + 1 mM Ethylenediaminetetraacetic acid 
(EDTA) + 5 mM Tris(2-carboxyethyl)phosphine (TCEP), and 
containing 30 µM MCP and 3 µM DNA probe at 30°C overnight. 
Following incubation, electrodes were rinsed in the 
immobilisation buffer, then in 0.2 M phosphate buffer (PB), 
10 mM PB and 10 mM PB + 10 mM EDTA.  Finally, the surface 
was backfilled with 1 mM MCP + 5 mM TCEP in diH2O for one 
hour. 
 
After backfilling and rinsing in diH2O, baseline DPV 
measurements of the SAM layer were taken using a PalmSens 
PS4 potentiostat (PalmSens) and the SimpleStat potentiostat in 
2 mM Fe(CN)63-/Fe(CN)64- buffered with 50 mM PB + 200 mM 
KCl (pH 7). All benchmark measurements using the PGEs were 
recorded in a three-electrode cell, with a platinum foil counter 
electrode and gold reference electrode. DPV measurements 
were performed at a range of potentials between -0.6 V and 
+0.3 V, with a step potential of 10 mV, pulse potential of 49 mV, 
pulse time of 50 ms and scan rate 20 mV/s. 
 
Once baseline measurements were complete, electrodes were 
rinsed in 200 mM PB + 800 mM KCl and then incubated at 30°C 
for one hour with 20 µL PCR product which had been heated to 
90°C to denature the DNA double strand. In order to remove 
unbound DNA and other PCR components each electrode was 
rinsed with 200 mM PB + 800 mM KCl and 50 mM PB + 200 mM 
KCl before the second set of DPV measurements were recorded. 
 
The same preparation protocol was used for functionalisation 
and measurement of target DNA hybridisation with the on 
board electrodes.  The only difference being the approach to 
cleaning the surface.  For the electrodes sited on the board, 
gentle rinses with diH2O and 0.1 M H2SO4 were employed prior 
to immobilisation of the DNA probe strand. 
Results & Discussion 
Comparative redox measurements 
A set of characterisation measurements were performed using 
the commercial potentiostat.  For these measurements, the on 
board electrodes were not modified with DNA. This was done 
to demonstrate the satisfactory performance of the on board 
electrodes for later functionalisation with thiolated ssDNA 
probe strands. 
 
Three electrochemical measurement techniques were 
employed for this characterisation using a measurement buffer 
containing the redox agents potassium ferri-ferrocyanide. The 
measurement techniques used were cyclic voltammetry (CV), 
electrochemical impedance spectroscopy (EIS) and differential 
pulse voltammetry (DPV).  The CV results (Figure 3A) show the 
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expected behaviour with a reversible CV (peak separation: 
83 mV) and with sweep rate dependence centred around 0 V 
due to the use of a gold electrode as the reference electrode in 
the on board cell. 
 
The Randles-Sevcik equation (1) was used to calculate the 
geometric surface area of the electrode:  
𝑖𝑃 = 0.4463𝑛𝐹𝐴𝐶 (
𝑛𝐹𝑣𝐷
𝑅𝑇
)
1/2
  (1) 
Where iP is the peak current, n is the number of electrons 
transferred, A is the electrode area, C is the redox species 
concentration, F is Faraday’s constant, v is the sweep rate, D is 
the diffusion coefficient, R is the universal gas constant and T is 
the temperature.  This showed that the active electrode area 
was 65% greater than the geometric area.  This calculation along 
with the expected appearance of the CV plots gave confidence 
that the electrodes on the SimpleStat board were viable for the 
DNA detection assay. 
 
In addition, EIS experiments were performed in order to further 
characterise the electrode (Figure 3B) and it was evident that 
the expected EIS response was present.  The semi-circular 
region of the plot is indicative of a charge-transfer process (RCT) 
and the 45⁰ line indicative of linear diffusion (W).  After fitting 
to the established Randles’ equivalent circuit25 a value for RCT of 
233 Ω was determined.  This was verified by calculating the 
theoretical value for RCT using the thermodynamic expression 
(2): 
𝑅𝐶𝑇 =  
4𝑅𝑇𝐿
𝑛𝐴𝐷𝐹2𝑐
   (2)  
Where L is the diffusion length and other symbols are as per (1).  
The calculated value for RCT was 293 Ω which is close to the 
measured value of 233 Ω.  The discrepancy between the 
measured and calculated RCT value is most likely explained by 
the error associated with estimating the diffusion length L.   
 
The DPV curve (Figure 3C), also showed the expected response 
with a clear current peak centred around the mid-potential for 
the redox couple.  Again, as with the CVs, this peak is positioned 
over 0 V due to the use of a gold electrode for the reference. 
 
The basic electrochemical characterisation shown in this section 
gave confidence that the three electrode systems on board the 
SimpleStat could serve as a basis for the DNA detection assay. 
 
SimpleStat design and cost 
The SimpleStat device was designed with a strong focus upon 
overall cost, whist maintaining sufficient functionality to 
perform a DPV measurement.  Ultimately, the instrument is 
designed to function in a standalone manner, with the in-build 
LED indicating the test results (e.g. on for a positive sample, off 
for a negative sample).  The total component cost to build the 
instrument (including PCB printing with the four integrated 
electrodes) was less than £10 per board.  At higher volumes, we 
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estimate this would drop to less than £3.50 per board.  The 
board microcontroller was programmed using the Atmel Studio 
suite of software to perform DPV measurements taking 
advantage of the DAC on the board to produce the required 
step/pulse waveform (Figure 4A) and to capture the current 
response (Figure 4B) using the ADC.  The DPV parameters used 
in our experiment were found to yield measureable changes in 
the peak current observed at the electrode surface.  Further 
optimisation of these results could be achieved by adjusting 
these parameters including exploration of Square Wave 
Voltammetery (SWV). 
 
Although the SimpleStat performed well throughout the 
measurements described below, one limitation of the current 
device relates to the dependence on consistency of the power 
supply. Throughout the testing performed, 3 V lithium cell was 
used without a voltage regulator to ensure a fixed voltage 
supply.  This was done in order to keep the cost and power 
requirements of the board low, by avoiding the use of a 
separate voltage regulator circuit.  This has a key drawback 
because changes in the potential of the lithium cell (for 
example, as it discharges) will affect the calibration of the 
SimpleStat and thus accuracy of measurements.    The lithium 
cell used in this study had a near full charge and therefore we 
did not experience serious problems with this limitation.  
However, in the future, the SimpleStat could be enhanced with 
a simplified constant voltage circuit using Zener diodes.    
 
Simple Stat vs a benchmark potentiostat for OXA-1 detection 
A series of measurements were carried out with the SimpleStat 
and a commercially sourced potentiostat, with the PGEs 
prepared as detailed above.  These served as a benchmark to 
compare the measurement accuracy of the SimpleStat.  The 
DNA detection strategy is based upon an OXA-1 complementary 
probe on the surface of the electrode.  When the OXA-1 DNA is 
present, a change in the Faradaic current passed across the 
electrode surface is expected, as the negatively charged 
Fe(CN)63-/Fe(CN)64- is held away from the electrode surface by 
the negatively charged OXA-1 DNA bound to the probe (Figure 
5A). 
 
The electrode surface was prepared to bear a simple MCH-
single stranded DNA (ssDNA) probe monolayer.  The DNA probe 
sequence is specific for OXA-1.  At this stage, the DPV peak 
current (brown curve) is higher and this is because of the 
greater access the redox couple has to the electrode surface.  
Upon binding of the OXA-1 PCR product, surface access is 
hindered both physically through surface blockage and 
electrostatically through repulsion between the DNA duplex 
and the negatively charged redox reporter.  This is a well-
established principle for electrochemical DNA detection 
employed previously22.  These results show a good degree of 
equivalence between the commercially available potentiostat 
and the SimpleStat (Figure 5B).  After hybridisation of the OXA-
1 probe, a clear decrease in the peak current magnitude can be 
detected for both the commercial potentiostat system and the 
SimpleStat.  The mean drop in the signal upon binding of the 
OXA-1 DNA to the electrode surface further indicates that a 
decrease in the magnitude of the signal is observed (Figure 5C). 
This result is encouraging because, whilst the measurement is 
not identical between instruments, the SimpleStat follows the 
same trend as the commercial potentiostat and would be 
sufficient for low cost DNA assays such as the one described 
here. 
 
Use of the SimpleStat on board electrode to detect OXA-1 
To explore the accuracy of the SimpleStat on board electrodes, 
measurements were performed with PCR product from OXA-1 
and tetA (i.e. a different gene encoding tetracycline resistance).  
Both PCR products were amplified from the same plasmid and 
detected using the on board electrodes.  These measurements, 
performed with a commercial potentiostat, show that a 
reduction in the magnitude of the DPV peak occurs as a result 
of the binding of OXA-1 DNA to the probe on the electrode 
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surface (Figure 6A).  Furthermore, when the tetA PCR product is 
placed on the electrode, there is negligible signal suppression, 
which indicates a lower rate of DNA hybridisation (Figure 6B).  
This shows that the DNA probe on the electrode surface is 
specific for OXA-1 and is consistent with previously reported 
research within our group26.  The result here therefore provides 
further confirmation of the specificity between the OXA-1 
probe and PCR product.  Additionally, the findings with PGEs 
give confidence that the SimpleStat could be used to make 
clinically relevant measurements, particularly involving PCR 
product.  Detection of a biologically relevant DNA target using 
the SimpleStat is encouraging and represents an important step 
towards a fully integrated instrument and sensor for the 
identification of antimicrobial resistance genes such as OXA-1.   
 
The on-board electrodes were challenging to use because of the 
very thin layer of gold covering the highly reactive copper 
surface of the electrodes.  Although these results demonstrate 
the principle that the integrated electrodes could be used for 
the detection process, a thicker gold layer would be a 
considerable benefit and will be investigated in future work.  
This could be achieved by working with a manufacturer to plate 
a thicker layer of gold during the PCB production process, or 
through in house electroplating downstream of the PCB 
production.  In addition to increasing the thickness of the gold 
layer on the surface of the electrode, gold nanoparticles could 
be explored in future work, by immobilising the DNA to the 
surface of the nanoparticles and using this in conjunction with 
a carbon electrode27. 
 
By combining the electroanalytical approach adopted here with 
a PCR reaction, it has been possible to obtain high specificity for 
the OXA-1 gene and due to the exponential nature of the PCR 
process high levels of detectable product negated the need for 
complex electrode modifications often employed to achieve 
high sensitivity.  Future focus will be placed upon migrating the 
PCR reaction used from a standalone instrument to an 
integrated PCR performed on the instrument board. 
Conclusions 
This study demonstrates how a low cost highly simplified 
potentiostat system can be used to detect the presence of DNA 
produced by organisms resistant to the β-lactam antibiotic 
drugs. Using DPV measurements we show detection of the OXA-
1 gene with both PGEs and integrated electrodes on the 
SimpleStat board. Moving forward, the SimpleStat board will be 
used to detect a wider range of analytes (including other DNA 
targets, proteins and related microbial ligands). For DNA 
detection, we will investigate the use of on board PCR in order 
to further streamline the measurement process to move 
towards a device which is usable by non-experts. We anticipate 
this leading to a device applicable to a range of electroanalytical 
measurement challenges, particularly those required for 
pathogen detection in resource limited scenarios where robust 
and simple assays can have high clinical impact. 
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